immunocompetent individuals, these viruses cause a spectrum of clinical disorders ranging from asymptomatic infections to disseminated mononucleosis syndromes, and fatal We have investigated the mechanisms by which hematopoiesis is suppressed in patients suffering from human encephalitis. Similar clinical manifestations are seen following congenital and perinatal infections with some cytomegalovirus (HCMV) infections. Mixed populations of human bone marrow stromal and hematopoietic proherpes viruses, including HCMV. Once acquired, HCMV persists for indefinite periods probably involving multiple genitor cells were inoculated with the Towne strain of HCMV to determine whether these populations could organs which could serve as reservoirs for latent viral reactivation. Idiopathic or acquired compromise of the host's be infected and support HCMV replication. We found that the Towne strain of HCMV was capable of immunologic status often serves as the initial step in the viral reactivation process. infecting and replicating in a mixed population of bone marrow stromal cells. We observed no significant alterMultilineage hematopoietic failure is a common sequela of primary or reactivated cytomegalovirus infections. As ations in bone marrow stromal cell proliferation or the production of IL-6, GM-CSF, soluble c-kit ligand and such, HCMV infections are a major risk factor in bone marrow transplantation settings. 6,7 Several lines of evidence TNF-␣ following HCMV replication in either stimulated lipopolysaccharide (LPS) or unstimulated conditions. In now suggest that HCMV-induced hematologic abnormalities arise from productive viral infection in the hematoposamples of culture supernatants from LPS-stimulated HCMV-infected stromal cells, significant elevations in ietic progenitor cells and quite possibly the stem cells themselves. These data include the demonstration that laboratory MIP-1␣ were observed. TGF-␤ 1 levels on the other hand exhibited two patterns following HCMV exposure; strains and clinical isolates can infect enriched bone marrow progenitor cell populations in vitro. 8,9 Moreover, either TGF-␤ 1 levels decreased regardless of LPS stimulation or there was no effect. In addition, we observed HCMV infection interferes with the earliest detectable steps in hematopoiesis as assayed by the failure to autoreconstithat exposure to the Towne strain of HCMV resulted in significant inhibition of both granulocytic and erythrotute lethally irradiated animals. 10 Finally, direct demonstration of virus particles in early hematopoietic lineages cytic colony formation in methylcellulose progenitor assays. Thus, both the direct effect of HCMV on hemastrongly suggest that, at a minimum, early hematopoietic cells are capable of supporting infection, and quite possibly topoietic progenitors as well as altered cytokine production by bone marrow stromal cells (including MIPreplication.
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Recent evidence suggests that bone marrow stromal cells 1␣ and TGF-␤ 1 , but not IL-6) could contribute to hematopoietic failure during HCMV infection.
are critical for both the maintenance and survival of hematopoietic stem cells in vitro. 30 Finally, relative to the other commonly utilized laboratory was evident in all cells. Supernatant fluids were frozen in 1 ml aliquots and stored in liquid nitrogen as the virus strains, the Towne virus strain may be a closer approximation of clinical HCMV isolates in terms of genomic size stock. Virus titer in the stock was determined as we have previously described. 39 Briefly, HFF cells were plated in and structure. [31] [32] [33] [34] [35] We now report that HCMV is capable of inhibiting the proliferation and formation of hematopoietic 96-well cluster dishes, incubated overnight, and inoculated the next day with HCMV. Inoculum was added to the first colonies by human bone marrow progenitor cells, and infecting and replicating in a mixed population of bone column and then serially diluted 1:3 across the remaining 11 columns of the 96-well plate. After 2 h, medium was marrow stromal cells. Furthermore, we found that HCMV alters the ability of human stromal cell layers to produce replaced, cultures were incubated for 7 days, plaques were stained with crystal violet and enumerated under 30-fold soluble cytokine/growth factors that are believed to be important in regulating hematopoiesis. magnification in wells having the dilution which gave 5-20 plaques per well. titer on HFF cells as described above and detailed elseFollowing two rounds of plastic adherence at 37°C for 1 h where. 39 Stromal cell numbers were determined in HCMVin modified Dexter medium (IMDM, 10% fetal bovine infected cultures at 0, 24, 48, 72 and 96 h. Cell layers were and horse serum (Life Technologies), 100 g/ml washed and removed from culture by incubation in 0.5% penicillin/streptomycin, 1 m hydrocortisone (Sigma trypsin for 20 min at 37°C. Cell numbers were quantified Chemical Company, Indianapolis, IN, USA) to remove by manual hemocytometer counting in trypan blue dye. monocytes, platelets and megakaryocytes, the non-adherent cells were recovered and further incubated overnight.
Materials and methods

HCMV infection of mixed bone marrow stromal cells
Electron microscopy
Human bone marrow stromal cells were inoculated at an Bone marrow stromal cell layers m.o.i. of 0.5 p.f.u./cell as previously described. At 7 days Mononuclear bone marrow cells were separated by density the cell layers were washed and fixed overnight in 2.5% centrifugation over Ficoll-Hypaque and the stromal cells glutaraldehyde buffered with 0.1 m Sorensen's phosphate separated by adherence to plastic. The cells were grown buffer, pH 7.4. Thereafter the samples were post-fixed (2 to confluence in modified Dexter medium where the nonh) in 1% buffered osmium tetroxide, infiltrated with 3:1, adherent cells were removed after 48 h. For most experi-1:1 and 1:3 parts of absolute ethanol, exposed to 2-hydroxyments, the heterogeneous adherent bone marrow stromal propyl methacrylate (HPMA) for 1-2 h under a vacuum cell layers were passaged at confluence two to three times following ethanol exposure, subjected to two changes of prior to culture initiation and seeded into 24-multi-well pure HPMA and infiltrated with 3:1, 1:1 and 1:3 parts of tissue culture plates (Costar, Boston, MA, USA) at a final HPMA:epon epoxy resin for a minimum of 4 h in a vacdensity of 4-5 × 10 5 cells/well for 24 h and tested for the uum. Final polymerization was accomplished for 48 h at presence or absence of HCMV by polymerase chain reac-55°C under a vacuum. Thin sections were prepared using tion prior to viral exposure to detect the major immediatea diamond knife and double stained with uranyl acetate for early gene of human HCMV. 36, 37 Only those samples examination with a Philips 300 TEM (Philips MD, Eindderived from HCMV-negative patients were utilized in hoven, The Netherlands). these investigations.
Hematopoietic progenitor cell assays HCMV provenance and propagation
Human bone marrow cells were washed three times in PBS and aliquots of 1 × 10 5 cells were plated in triplicate-gridThe Towne strain of HCMV -originally isolated and attenuated as described by Plotkin et al 38 -was kindly provided ded 35 mm 2 dishes (Nunc, Naperville, IL, USA) in 1 ml methylcellulose (Stem Cell Technologies, Vancouver, BC, by Dr Mark Stinski, University of Iowa as plaque-purified isolate P 0 . Stock HCMV was prepared by infecting human Canada) supplemented with 2 units/ml erythropoietin (Stem Cell Technologies), 20 ng/ml GM-CSF and 10 ng/ml IL-3 tems, Minneapolis, MN, USA), GM-CSF (sensitivity 1.5 pg/ml, range 7.8-5000 pg/ml; R&D Systems), TNF-␣ (Life Technologies) under fully humidified conditions in an atmosphere of 5% CO 2 and 5% O 2 at 37°C. These con-(sensitivity 4.4 pg/ml, range 15.0-1000 pg/ml; R&D Systems), MIP-1␣ (sensitivity 2.0 pg/ml, range 31.2-1000 ditions were chosen as they are permissive for the formation of hematopoietic colonies from progenitor cells as pg/ml; R&D Systems), c-kit ligand (sensitivity 3.0 pg/ml, range 31.2-2000 pg/ml; R&D Systems). TGF-␤ 1 activity determined in preliminary experiments (data not presented). Progenitor cells were inoculated with 0.5-5.0 m.o.i of virus was determined following transient acidification of culture medium by ELISA (sensitivity, 0.05 ng/ml, range 0.1-4 which together were directly incorporated into the methycellulose. At 2 weeks, colonies of greater than 50 cells were ng/ml; Genzyme, Cambridge, MA, USA). Cytokine levels are presented as mean Ϯ standard error cytokine/ml for scored with a stereomicroscope as either CFU-GM (colony forming units-granulocyte/macrophage), BFU-E (burst fortriplicate determinations. ming units-erythrocyte) or CFU-GEMM (CFU-mixed granulocyte, erythrocyte, macrophage and megakaryocyte).
Statistics Triplicate cell number determinations were made for hematopoietic marrow progenitor cells (10 5 cells) cultured for 7 Data are reported as mean Ϯ standard error for triplicate determinations. Student's t-test was utilized for statistical days in modified Dexter medium (IMDM, 5% FBS, 5% horse serum, 100 g/ml penicillin/streptomycin, 1 m analysis. hydrocortisone) containing rh IL-3 (10 ng/ml), rh GM-CSF (20 ng/ml) and erythropoietin (2 units/ml). Where indicated vehicle, 0.5, 1.5, 2.5, 5.0 p.f.u./cell were added directly to Results the growth medium. Viability and cell numbers were quantified by manual hemocytometer determinations in trypan
Replication of HCMV in bone marrow stromal cells blue dye by counting a minimum of 200 cells per determiTo investigate the mechanisms by which hematopoiesis is nation.
suppressed in patients suffering from HCMV infections, we exposed mixed populations of human bone marrow stromal Fluorescence activated cell sorting (FACs) cells to the Towne strain of HCMV. In an initial experiment, human bone marrow stromal cells were infected with Mixed human bone marrow stromal cells were infected HCMV at an m.o.i. between 0.5 and 5 p.f.u./cell. After 7 with an m.o.i. of 0.5 in IMDM, 5% fetal bovine and horse days, we observed increases in viral titer which correserum, 100 g/ml penicillin/streptomycin, 1 m hydrocortisponded with increases in m.o.i. (Figure 1, inset) . Subsone. After 4 days, the cultures were extensively washed sequently, a virus growth experiment was performed using and the adherent cells were removed from plastic by EDTA cells from two donors which were infected at a low m.o.i. of 0.04, HCMV replication continued throughout the 7-day Hybridoma Bank (DSHB), Iowa City, IA, USA), stro-1 (stromal fibroblasts (DSHB)); CD14 (monocyte/macrophage; BioSource Intl, Camarillo, CA, USA), CDw90 (fibroblasts, BioSource Intl), MOPC-21 (IgG 1 control, Sigma) at 10 g/ml. Thereafter, the cells were washed three times and incubated at 1:100 dilution of goat anti-murine phycoerythrin conjugate (Beckman Dickinson, San Jose, CA, USA). Infected cells were double labeled for HCMV (murine anti-HCMV virion IgG; Virostat, Portland, ME, USA) using a FITC conjugate. FACs analysis was performed by the University of Michigan's Flow Cytometry Core using a Coulter EPICS C flowcytometer (Coulter Corp, Hialeah, FL, USA).
ELISA assays for IL-6, GM-CSF, MIP-1␣, c-kit ligand, TGF-␤ 1 and TNF-␣
HCMV-negative mixed bone marrow stromal cells at 70- (sensitivity 0.7 pg/ml, range 3.33-300 pg/ml; R&D Sys-incubation reaching titers Ͼ1 × 10 5 p.f.u./ml. These titers monocyte/macrophages expressing the CD14 antigen represented 7.8 Ϯ 1.4% of the total bone marrow stromal cell approximate those we routinely obtain in human foreskin fibroblasts. In contrast to the five log 10 increases achieved population, and of those 100 Ϯ 0.1% were infected with virus. Using CDw90 as a probe for fibroblast populations at the low m.o.i., only two to three log 10 increases were observed at the high m.o.i. Regardless of the amount of (62.9 Ϯ 4.1% of the total), 97.5 Ϯ 2.5% were also stained for HCMV virions. increase the data conclusively establish that HCMV infected and replicated in mixed human bone marrow stromal cells.
Effect of Towne strain of HCMV on hematopoietic progenitor cell proliferation and colony formation Evaluation of bone marrow stromal cells infected with
Experiments were performed to test whether the Towne Towne HCMV strain strain of HCMV alters the proliferation and/or colony-forming ability of bone marrow hematopoietic progenitors. To understand better how HCMV replicates in stromal cells, we examined infected cells by light and electron Over 7 days, hematopoietic cells grown in suspension culture in the presence of IL-3, GM-CSF and erythropoietin microscopy. At 10-to 30-fold magnification, infected stromal cells exhibited characteristic and significant expansion increased 1.5-fold over input (data not presented). In contrast, when the cells were infected with HCMV at an m.o.i. of the cytoplasm compared with uninfected cells. Typical cytoplasmic and nuclear swelling, inclusion bodies, and ranging from 0.5 to 5 there were significant decreases in the total number of cells, but not viability ( Figure 3 and viral induced cellular plaques were also observed (data not presented). Many aspects of the HCMV replication cycle data not shown).
To determine whether the Towne strain of HCMV is able were observed by transmission electron microscopy including nearly all stages in the development of viral particles to inhibit the production of hematopoietic colonies from mixed populations following viral challenge, hematopoietic described by Nii. 5 Panel a of Figure 2 shows virtually all forms of nucleocapsid development occurring among conprogenitor cells were plated in methylcellulose containing IL-3, GM-CSF and erythropoietin and infected at an m.o.i. densed chromatin within the nucleus of an HCMV-infected cell. Virus capsids in the process of forming, empty capsids between 0.5 and 5. We found that HCMV inhibited CFU-GM formation in an m.o.i.-dependent manner ( Figure 3 ). held open with scaffolding protein, capsids with toroid structures presumably composed of spooled DNA, and capThe Towne HCMV strain also inhibited erythrocytic colony formation (BFU-E), but no clear dose-response relationship sids with genomic-length DNA are all present. Panel b of the figure shows an area close to but separate from the was observed ( Figure 3 ). nuclear membrane wherein the tegument is added to the completed capsid. A number of empty capsids appear to
Effect of viral infection on bone marrow stromal cell have had teguments added. Acquisition of an envelope by proliferation and cytokine synthesis such particles produces non-infectious enveloped particles (NIEPs) originally described by Irmiere and Gibson. 40 In vitro, bone marrow stromal cells are critical for the production of cytokines required for the maintenance and surEgress of viral particles through the nuclear membrane and acquisition of envelope is seen in panel c of Figure 2 . In vival of hematopoietic stem cells in long-term bone marrow cultures (Dexter cultures). Therefore, we examined the addition, this panel shows the several forms of developing nucleocapsids also seen in panel a. When observed in the effects of infection on stromal cell production of IL-6, GM-CSF, MIP-1␣, c-kit ligand, TGF-␤ 1 and TNF-␣ by ELISA. cytoplasm, viral particles were surrounded by amorphous material, presumably their envelopes, or within inclusions
We chose these particular cytokines as representatives of proteins with largely stimulatory (IL-6, GM-CSF, soluble which resembled lysosomes (data not shown). Panel d shows completed HCMV particles in extracellular spaces.
c-kit ligand) or inhibitory (MIP-1␣, TGF-␤ 1 TNF-␣) activity on hematopoietic cells. [41] [42] [43] [44] Cytokine levels in stroFully completed particles consisting of an opaque dense DNA core, the capsid, its tegument, and envelope are mal cell-conditioned medium were determined for triplicate samples harvested at either 0, 24, 48, 72, 96 h following present in both spaces seen in the center of the micrograph. In addition, there appear to be completed NIEPs in the inoculation at an m.o.i. of 0.5 and/or the presence of E. coli LPS (20 g/ml). upper space. These micrographs together with the preceding data from the growth experiments establish that stromal Over a 96-h period we observed that the Towne virus strain (m.o.i. of 0.5 p.f.u./cell) had no significant effect on cells were infected, the virus replicated, and infectious progeny were produced. stromal cell proliferation or viability (data not presented). During the same period, no significant alterations in the To evaluate which cells were infected by HCMV, mixed bone marrow stromal cells were infected at an m.o.i. of 0.5 stromal cell production of IL-6 (Figure 4 ), or GM-CSF, soluble c-kit ligand or TNF-␣ (data not shown) were for 4 days and prepared for fluorescence activated cell sorting (FACs). Under these conditions, 99.6 Ϯ 0.2% of all observed. When E. coli LPS (20 g/ml) was used to stimulate cytokine production, significant alterations in cytokine stromal cells stained positive for the mature HCMV virion in two separate HCMV-negative donors. When the stromal production by HCMV were still not observed. Likewise, uninduced stromal cells produced only low levels of MIPcells were labeled for both alkaline phosphatase (osteoblasts) and the HCMV virion, 8.3 Ϯ 0.1% of the total 1␣ in the presence or absence of HCMV ( Figure 5 ). As expected, culture supernatants from LPS-stimulated bone cells stained positive for alkaline phosphatase. Of those, 99.5 Ϯ 0.2% were infected with HCMV. Similarly, marrow stromal cells contained significantly elevated levels of MIP-1␣. When samples obtained from all donors were ing from HCMV infections. We found that the Towne strain of HCMV is able to infect and replicate in a mixed evaluated together, no significant differences among the treatment groups were observed ( Figure 5, total group) .
population of human bone marrow stromal cells. This was shown by viral yield assay as well as the demonstration of When analyzed individually, in contrast to IL-6, further increases in MIP-1␣ levels were observed in stromal cells all stages of viral assembly within bone marrow stromal cells (Figures 1 and 2 ). Although we cannot completely obtained from six out of the seven marrow donors ( Figure  5 ). When active TGF-␤ 1 levels were similarly examined in explain the observation that the highest virus titers were obtained at the lower m.o.i. (Figure 1) , it is possible that supernatant fluids, two cytokine secretion profiles emerged. Either the infection significantly decreased the soluble levdifferent cellular tropisims were involved. For example, if HCMV primarily infected marrow fibroblasts in the mixed els of active TGF-␤ 1 or the infection had no noticeable effects on LPS stimulated or unstimulated cultures population, the actual amount of HCMV to which these cells were exposed was significantly higher. This could (Figure 6 ). result in greater replication at apparently lower m.o.i. and poorer replication at a higher m.o.i. due to cellular lysis.
Discussion
Alternatively, production of MIP-1␣ or an unknown inhibitory factor might be m.o.i.-dependent and therefore supIn the present study we investigated the mechanisms by press HCMV replication at a higher input m.o.i., as has which hematopoiesis may be suppressed in patients sufferbeen proposed for HIV infection. ELISA. Where indicated, 20 g/ml E. coli LPS was added to the cultures Figure 4 Effect of viral infection on bone marrow stromal cell proat the start of culture. Data are reported as mean Ϯ standard error for duction of IL-6. Mixed human bone marrow stromal cells were infected triplicate determinations for separate donors and as an overall mean (total) with Towne strain of HCMV (0.5 p.f.u./cell) in a total of 1 ml. At 48 h for all data. *Indicates significant difference from uninfected (−) HCMV, medium was collected and cytokine levels were determined by ELISA.
(−) LPS control (P Ͻ 0.05).
+
Indicates significant difference from uninWhere indicated, 20 g/ml E. coli LPS was added to the cultures at the fected (−) HCMV (+) LPS control (P Ͻ 0.05). start of culture. Data are reported as mean Ϯ standard error for triplicate determinations for separate donors and as an overall mean (total) for all data. *Indicates significant difference from uninfected (−) HCMV, (−) LPS HCMV by the conclusion of the culture period. While the control (P Ͻ 0.05).
possibility remains that other stromal cell populations are not infected with HCMV (ie adipocytes endothelial cells, T cells), for those populations which we could distinguish Although we did not definitively identify all the cell type(s) infected by Towne strain in the mixed bone marrow (accounting for 79.0 Ϯ 1.3% of the total cells), 99.6 Ϯ 0.2% of these stained for HCMV. In studies by stromal cell populations, we noted that the vast majority of cells exhibited nuclear and cytoplasmic swelling and celluothers which utilized clinical HCMV strains and the laboratory strain AD169, nearly all cells comprising the bone lar rounding indicative of HCMV infection. Additionally, under the experimental conditions chosen for these investimarrow microenvironment including marrow fibroblasts, 9,12,20 adipocytes, 9,12 endothelial cells, 9,28 macrogations, greater than 98% of all cells staining positive for alkaline phosphatase (osteoblasts), CD14 (monocyte/ phages, 9 T cells 12 and osteoblasts 46 were shown to support HCMV infection. Differences in cellular tropisms have, macrophages) and CDw90 (fibroblasts) also stained for however, been demonstrated among some clinical isolates. 9 nificant role in the pathogenesis of HCMV-mediated disease. By most available reports, decreased TGF-␤ 1 levels These distinctions may in part account for some of the differences in hematopoietic defects and clinical outcomes.
should be beneficial in decreased hematopoietic states as TGF-␤ 1 inhibits bone marrow CD34 + hematopoietic cell In long-term in vitro bone marrow cultures, the production of clonogenic marrow progenitors is dependent proliferation and differentiation. [42] [43] [44] 47, 48 In fact, HCMV infection stimulates TGF-␤ 1 production in most systems. 49 upon the synthesis of soluble and cell-associated growth factors by preformed bone marrow stromal cells. HCMV One hypothesis that may account for our data is that the removal of TGF-␤ 1 could render the hematopoietic cells infection in these cultures results in both a rapid and persistent decline in progenitor cell production despite the distinct more susceptible to HCMV. While there is little support for this hypothesis at present, in other systems it has been cellular tropisms exhibited by particular HCMV isolates. 9, 25 These findings suggest that the mechanism(s) for defective shown that HCMV replication in 3T3 fibroblasts and chronic infections of osteosarcomas are cell cycle depenhematopoietic output might include both stromal and hematopoietic cell-dependent defects. As considerable variability dent. 50, 51 Additionally, removal of TGF-␤ 1 activity with neutralizing antibodies has been shown to enhance hematohas been observed following in vitro challenge with AD169 on hematopoietic cell colony formation, 9,14,20 we wanted to poietic progenitor cell proliferation. 52 Thus, HCMVmediated decreases in TGF-␤ 1 levels could prove permissdetermine whether HCMV Towne strain was directly able to inhibit the production of colonies from mixed popuive for blood cell proliferation thereby making the replicating cells more susceptible to infection. Alternatively, lations of hematopoietic progenitor cells. We found that HCMV inhibited CFU-GM formation correlating with input repression of TGF-␤ 1 production could be an abortive attempt by stromal cells to suppress HCMV replication viral m.o.i. (Figure 3 ). These results agree with those reported by Simmons et al 9 using clinical isolates and which has been shown to stimulate HCMV replication directly. 53 Finally, the apparent reduction in TGF-␤ 1 levels AD169 and Sing et al using Towne strain but differ from those reported by Apperely et al 20 using AD169. in the conditioned medium may be due to preferential production of TGF-␤ 1 binding proteins such as decorin, betaThe Towne strain of HCMV also inhibited erythrocytic colony formation (BFU-E) with maximal effects observed glycan and collagen IV following HCMV exposure. [54] [55] [56] These hypotheses require further testing. even at the lowest viral titer tested (Figure 4) . Similar responses to HCMV challenge on BFU-E have been Most intriguing is our observation that MIP-1␣ levels are elevated in LPS-stimulated, HCMV-infected bone marrow observed by Steinberg et al 22 following exposure of the human stromal cell line BS-1 to HCMV. With regard to cultures relative to uninfected LPS-stimulated controls. Recently, it was demonstrated that MIP-1␣ is a key compo-BFU-E formation, our data differ from those reported by Sing et al in which they observed no significant effects of nent of the host's ability to mount an inflammatory response to viral infections in vivo. 45 Cook et al 57 showed the Towne strain of HCMV on BFU-E in their assay. While the reasons for these experimental differences are not that homozygous MIP-1␣ mutant mice are resistant to myocarditis induced by coxsackievirus, and exhibit reduced immediately evident, they probably reflect differences in the assays themselves. The most significant differences pneumonitis compared to infected wild-type animals. Furthermore, the mutant animals did not exhibit any noticeable between the culture systems was the colony-stimulating factors utilized. 20 Regardless, our system could serve as a hematopoietic anomalies, a finding consistent with the notion that MIP-1␣ could be in part responsible for hematomodel for assessing the combined effects of HCMV infection and pharmacologic agents on erythroid and poietic failure during viral infections. As MIP-1␣ mRNA has been detected in many cells including fibroblasts, endogranulocyte/macrophage progenitors in vitro.
To determine whether HCMV infection alters the prothelial and T cells, all members of the bone marrow microenvironment, it certainly will be of interest to deterduction of cytokines with known activities on hematopoietic cells, we determined the concentrations of IL-6, GMmine which cell(s) are responsible for the increased protein levels. [58] [59] [60] Answering this could provide important clues CSF, MIP-1␣, c-kit ligand, TGF-␤ 1 and TNF-␣ in stromal cell-conditioned medium by ELISA (Figures 4-6 and data to the cellular targets and mechanism(s) involved in hematopoietic failure following HCMV infections as MIP-1␣ is not shown). We chose these particular cytokines as representatives of proteins with largely stimulatory (IL-6, GMcapable of inhibiting the proliferation of primitive CD34 + cells. 44, 47, 61 However, MIP-1␣ appears to have little activity CSF, soluble c-kit ligand) and inhibitory (MIP-1␣, TGF-␤ 1 , TNF-␣) activities on hematopoietic cells. [41] [42] [43] [44] For GMon the more mature erythroid or myeloid progenitors. 44, 47, 61 Although the production of a hematopoietic inhibitor is CSF, IL-6, TNF-␣ and soluble c-kit ligand, we detected no significant alterations in protein levels following HCMV an attractive mechanism for HCMV-diminished hematopoiesis, 24 with the possible exception of this report and data exposure in either LPS-stimulated or unstimulated cells. In samples of culture supernatants obtained from LPS-stimurecently showing that leukemia inhibitory factor secretion is induced by HCMV infection of stromal cells, 62 there is lated, HCMV-infected stromal cells, significant elevations in MIP-1␣ levels were observed relative to uninfected cells.
little support for this hypothesis in the current literature. 9, 10, 19, 27, 63, 64 Based upon rescue experiments of lineage-TGF-␤ 1 levels exhibited two major patterns following HCMV exposure; either no effect, or TGF-␤ 1 levels committed progenitor cells from HCMV-infected bone marrow stroma, 14 it appears that decreased cytokine prodecreased. At present no significant correlations can be made between the bone marrow donor's HCMV status, age duction by stromal cells is the major effect of HCMV on hematopoiesis. This has been demonstrated for G-CSF and or sex to account for these differences.
It is not clear whether a decrease in TGF-␤ 1 has a sig-GM-CSF protein levels after LPS stimulation. 65 Under strain and other HCMV isolates is in regard to IL-6
Proc Natl Acad Sci USA 1994; 91: 11879-11883. 9 Simmons P, Kaushansky K, Torok-Storb B. Mechanisms of expression. 29, 62, 65 We observed no significant alterations in cytomegalovirus-mediated myelosuppression: perturbation of IL-6 production using the Towne strain, however the stromal cell function versus direct infection of myeloid cells.
AD169 virus has been reported to both enhance 29, 62 and
